The hyperfine interaction constants of the 2p 4 ( 3 P )3p 2 D o 3/2,5/2 , 4 D o 1/2−7/2 and 4 P o 1/2−5/2 levels in neutral fluorine are investigated theoretically. Large-scale calculations are carried out using the multiconfiguration Hartree-Fock (MCHF) and Dirac-Hartree-Fock (MCDHF) methods. In the framework of the MCHF approach, the relativistic effects are taken into account in the Breit-Pauli approximation using non relativistic orbitals. In the fully relativistic approach, the orbitals are optimized using the Dirac-Coulomb Hamiltonian with correlation models inspired by the non relativistic calculations. Higher-order excitations are captured through multireference configuration interaction calculations including the Breit interaction. In a third (intermediate) approach, the Dirac-Coulomb-Breit Hamiltonian matrix is diagonalized in a relativistic configuration space built with non relativistic MCHF radial functions converted into Dirac spinors using the Pauli approximation. The magnetic dipole hyperfine structure constants calculated with the three relativistic models are consistent and reveal unexpectedly large effects of relativity for 2 D o 5/2 , 4 P o 3/2 and 4 P o 5/2 . The agreement with the few available experimental values is satisfactory. The strong J-dependence of relativistic corrections on the hyperfine constants is investigated through the detailed analysis of the orbital, spin-dipole and contact relative contributions calculated with the non relativistic magnetic dipole operator.
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I. INTRODUCTION
Atomic fluorine is a highly reactive free radical. Its natural state is molecular fluorine, a poisonous and corrosive material that makes experimental studies quite delicate and scarce [1, 2] . The atomic resonance transitions lie in the ultraviolet region but many of the transitions between excited states lie in the visible and near-infrared and can be driven using diode lasers, as explored by Tate and Aturaliye [3] who reported for the first time high-resolution laser spectroscopy measurements of hyperfine structures. These authors used Doppler-free saturation absorption spectroscopy of excited states of atomic fluorine to measure and analyze the hyperfine structure intervals of the 2p 4 ( 3 P )3s 2 P J → 2p 4 ( 3 P )3p 2 D o J ′ fine structure multiplet components. Using the observed hyperfine structure splittings (hfs), the magnetic hyperfine constants A J were determined for the levels involved in the transitions, with a higher accuracy than those determined earlier by Lidén [4] and Hocker [5] . The comparison of the experimental hfs reveals large discrepancies [3] . For instance, hfs values for the splittings of the 2p 4 ( 3 P )3p 2 D o 3/2 and 2 D o 5/2 states have been found to be negative in [5] while positive in [4] and [3] , with a large discrepancy (21 %) between the two latter for the hfs values of 2p 4 ( 3 P )3p 2 D o 3/2 , well outside the error bars. In contrast with the hyperfine study of the ground state levels 2p 5 2 P o 1/2,3/2 for which observation [6] [7] [8] and theory [9] [10] [11] have been compared, there is no theoretical prediction for the hyperfine structure of the excited levels considered in [3] , except the pioneer work by Brown and Bartlett [12] . More recently, in a feasibility study of in-beam polarization of fluorine, Levy et al. [13] The present work was originally motivated by the following observation: on one hand, a serious disagreement appeared when comparing our first theoretical estimation of the hyperfine constant of 2p
5/2 based on robust non relativistic calculations with the Doppler-free spectroscopy value reported by Tate and Aturaliye [3] . On the other hand, ab initio calculations of hyperfine constants for 14 N and 15 N [14] were found to be in complete disagreement with the experimental values of Jennerich et al [15] , also deduced from the analysis of the near-infrared Doppler-free saturated absorption spectra. This nitrogen theory-observation discrepancy problem was recently solved through a reinterpretation of the recorded weak spectral lines as crossover signals [16] , leading to a new set of experimental hyperfine constants in very good agreement with the ab initio predictions [14] . Considering that the apparition of crossover signals in Doppler-free saturated absorption spectroscopy that has been used for both fluorine [3] and nitrogen [15] , is helpful in some cases but also problematic in others, we investigate in the present work the relativistic corrections that could explain the non relativistic theory-observation discrepancy mentioned above for the A 5/2 -value of 2p
. For light atomic systems, the relativistic effects are usually included with success in the Breit-Pauli approximation [17, 18] for fine structure and transition probability calculations. In the case of fluorine, the relativistic corrections are expected to be relatively small. We expect therefore that relativity could be treated in a perturbation regime using either the Breit-Pauli approximation [19, 20] or the relativistic configuration interaction approach in the Pauli approximation [21, 22] . It is worthwhile to investigate if these methods lead to hyperfine structure constants consistent with each other, with the fully relativistic approach and with observation, when available. The evaluation of hyperfine interaction structures for atomic states provides a good opportunity to study the interplay between the correlation and relativistic effects. Different theoretical approaches can be used for estimating hyperfine structures, with their advantages and disadvantages, depending on the size and complexity of the targeted atomic systems. Fluorine has a special place in this diversity. As a nine-electron atom, it definitely lies outside the "few"-electron systems domain for which the elaborate variational calculations in Hylleraas coordinates can be successfully applied, usually giving rise to the most reliable expectation values [23] [24] [25] . Moreover, taken in its 2p 4 3p excited configuration, neutral fluorine consitutes a difficult target for many-body approaches that are often restricted to single-or two-valence atoms or ions [26] [27] [28] . The coupled-cluster theory is promising [29] [30] [31] but investigation of hyperfine structures in more complex systems remains scarce [32] . Although further developments might be expected [33] [34] [35] [36] , the traditional multi-configuration methods combined with configuration interaction in their non relativistic [14, 37, 38] and relativistic [39] [40] [41] [42] [43] versions keep a respectable place in the ranking of ab initio methods for hyperfine structures calculations.
Section II describes the atomic state functions in the non relativistic multiconfiguration Hartree-Fock, relativistic Breit-Pauli, relativistic multiconfiguration Dirac-Hartree-Fock and Pauli approximations. The theoretical background needed for understanding the hyperfine interaction is given in Section III. The computational strategy is developed in Section IV. The theoretical hyperfine constants calculated using the different models are compared to each other and with observation in Section V.
II. THE ATOMIC STATE FUNCTION
A. In the non relativistic approach
In the non relativistic multiconfiguration Hartree-Fock (MCHF) approximation [44] , the atomic state function (ASF) is described as a linear combination of N c configuration state functions (CSFs)
built on one-electron spin-orbitals
The MCHF equations are the system of coupled, non-linear differential equations that arise when we require the energy to be stationary with respect to variations in the radial functions {P nl (r)}. At the same time the energy must be stationary with respect to variations in the mixing coefficients {c i }, leading to a system of secular equations [17] . Once a set of one-electron orbitals optimised, a larger system of secular equations can be solved for diagonalizing the non relativistic Hamiltonian in an enlarged CSF basis to get a better description of the desired eigenvector. In the present paper, we will refer to these calculations as configuration interaction (CI).
B. In the relativistic approach
Breit-Pauli approximation
Relativistic corrections to the MCHF or CI wave functions can be included efficiently in the Breit-Pauli (BP) approximation [17] that consists in writing the ASF as the following expansion
This wave function is the eigenvector of the Breit-Pauli Hamiltonian matrix corresponding to the desired root. Note that, oppositely to (1), the ASF (3) allows LS-mixing due to the fine-structure BP Hamiltonian terms that do not commute with L and S [17, 45] .
Multiconfiguration Dirac-Hartree-Fock approach
Starting from the Dirac-Coulomb Hamiltonian [22] 
where V nuc is the monopole part of the electron-nucleus Coulomb interaction, the atomic state function (ASF) describing a specific fine structure level is described by a linear combinations of relativistic configuration state functions
that are built on relativistic configurations γ i involving the jj-coupling of subshell Dirac spinors [22] φ nκm (r, σ) = 1 r
where κ is defined as
Applying the variational principle, the radial functions {P nκ (r), Q nκ (r)} and the mixing coefficients c i appearing in (5) are optimized by solving iteratively the self-consistent field (SCF) problem and the secular equations. Calculations can be performed for a single level, but also for a portion of a spectrum in an extended optimal level (EOL) scheme where optimization is applied on a weighted sum of energies. In the Extended Optimal Level (EOL) optimization scheme [22, 46] that we adopt for the present study (using the "standard" option of the GRASP2K [47] computer code), the functional has the form
where L contains the Lagrange multipliers contributions and
n L specifies the number of the targeted eigenvalues, each of them weighted by the (2J i + 1) degeneracy factor. An extension of the MCDHF approach, allowing the mixing coefficients to be varied but keeping the one-electron orbitals frozen, is referred in the present work as the relativistic configuration interaction (RCI) method. In the latter, the transverse photon interaction [48] 
may be included in the Hamiltonian matrix. However ω ij appearing in this equation is the energy of the exchanged photon between the two electrons (i, j), and is not well defined for correlation orbitals. Therefore, it is only possible to estimate the low-frequency (ω ij → 0) limit of (10) by multiplying the computed photon frequency by a small number to get the Breit interaction [48, 49] 
Pauli approximation
Another interesting way to estimate relativistic effects is to diagonalise the Dirac-Coulomb-Breit Hamiltonian (H DC + H Breit ) matrix, in a relativistic CSF basis built on Dirac spinors whose large and small radial components are calculated from non relativistic MCHF radial functions, using the Pauli approximation [21, 22, 50] 
where α is the fine structure constant. This method based on the use of the relativistic configuration interaction approach in the Pauli approximation is labelled RCI-P in the present work.
III. HYPERFINE INTERACTION
The hyperfine contribution to the Hamiltonian is represented by a multipole expansion
where T (k) and M (k) are spherical tensor operators of rank k in the electronic and nuclear space, respectively [51, 52] . The k = 1 and k = 2 terms represent, respectively, the magnetic dipole interaction and the electric quadrupole interaction. The 19 F nucleus, the only stable fluorine isotope, has a nuclear spin I = 1/2 and a magnetic moment µ I = 2.628868 µ N [53] [54] [55] but no quadrupole moment (Q = 0) . The hyperfine shifts of the fine-structure levels may be expressed to first order in terms of the magnetic dipole A J hyperfine interaction constant [56] that is proportional to the reduced matrix element of the electronic tensor operator of rank one
In non relativistic calculations, the electronic matrix elements are obtained by integrating the irreducible spherical tensors [57, 58] 
using the ASF of the form (1) adapted to the J = L + S symmetry
i.e. an expansion similar to (3), but restricted to the same LS-values. For light atoms in which the LS coupling remains valid to a good approximation, relativistic corrections can be introduced in the Breit-Pauli (BP) approximation. The resulting wave functions (3) used to evaluate the matrix elements of the electronic tensor operator (15) allow LSmixing for a specific J-value. In both cases, the hyperfine constant defined by (14) is composed of the orbital, spin-dipole and contact contributions
that are evaluated using the eigenvectors (1) or (3). In cases where LS coupling is strictly valid, i.e. omitting the (L ′ = L) and (S ′ = S) off-diagonal relativistic matrix elements, the three contributions to the hyperfine constant appearing in (17) take the form
where the J-independent orbital (a l ), spin-dipole (a sd ) and contact (a c ) electronic hyperfine parameters are defined as [57, 58] 
The dimensionless factors F i (L, S, J) can be evaluated from the following expectation values
Expressing
In fully relativistic calculations, the structure of the magnetic dipole electronic tensor is much simpler than the non relativistic form (15) [57, 59] 
The hyperfine constant A J is estimated from the expectation value of this operator, using (14) and the atomic state function (5).
IV. COMPUTATIONAL MODELS
A. Non-relativistic calculations
We perform two types of non relativistic calculations. The first one is based on the multiconfiguration Hartree-Fock approach [17, 60] with configuration expansions generated by single (S) and double (D) excitations from the single reference. For a given calculation, the orbital active space (AS) is characterized by [n max ] when no angular limitation applies. The active set is specified by [n max l max ] when angular orbital limitation is introduced. We have performed systematic SD-MCHF calculations, considering angular momentum values up to l = 5 (h-electrons), and concluded that truncating the AS at l max = 3 is safe for getting hyperfine constants within 0.2 %. These calculations are denoted SD-MCHF in Table I .
With these MCHF orbital sets, we investigate the use of SD-multirefence expansions by performing configuration interaction calculations (MR-CI) based on expansions generated by allowing SD excitations from the three configura- symmetry, we test a "reduction strategy" that consists in limiting in the final expansions the excited CSFs that interact with at least one of the three MR components. These calculations are performed using lsreduce that is part of the utilities provided in the MCHF atomic-structure package [60] and are labelled MR-CI-red in the present work. While the number of CSFs is sensitively decreased by this reduction strategy (from 394 190 to 206 340), the hyperfine constants are not affected, as illustrated by Table I .
The use of the multireference is also tested in the orbital optimization by performing MR-MCHF calculations to capture higher-order correlation effects. For the latter, we use the above reduction strategy, adopting the reversed orbital order consisting in coupling sequentially the subshells by decreasing n and l. This technique indeed reduces substancially the size of the MCHF expansions while keeping the dominant correlation contributions [14] . For specifying the AS, it is sometimes more convenient to use another notation involving curly brackets instead of brackets, where the number of orbitals for each angular symmetry is specified, i.e. {10s9p8d7f } = [10f ]. The {10s9p8d4f } AS used for the MR-MCHF calculations means that for its three multireference components, the orbital angular momentum is limited to l max = 3 for n ≤ 7 and l max = 2 for n ≥ 8. As shown by Table I , the inclusion of the MR in the MCHF model reproduces the MR-CI results within less than 1 %.
B. Relativistic calculations
In the Breit-Pauli (BP) approximation, the CSF expansions of the atomic state function (3) are constructed in the same way than in the SD-MCHF calculations, but including all possible symmetries L i S i for a given J-value. The radial functions spanning the CSFs are taken from the [nf ] SD-MCHF calculations. All the Breit-Pauli operators are taken into account.
Relativistic configuration interaction calculations are also performed in the Pauli approximation (RCI-P) by generating jj-coupled relativistic configuration state function expansions (5) from SD excitations of the monoreference configuration using the [10f ] active set. The radial functions are the non relativistic MCHF radial functions converted to approximate Dirac spinors according to (12) .
Replacing the monoreference by a MR model in the non relativistic framework brings variations of a few percents in the hyperfine constants, as shown in the previous section. It is therefore worthwhile investigating the multireference approach in the Breit-Pauli approximation. For these calculations (denoted MR-BP), we build the CSF expansions by including SD excitations from the three configurations {2s The three sets of BP, RCI-P and MR-BP results are presented in the second half of Table I .
In Table II , we report fully relativistic results. In the non relativistic approximation, the desired states 2p
o are the lowest of their symmetry. This is not true anymore in the relativistic framework for the J = 1/2, 3/2 levels for which the interaction with the ground configuration 2p
5 should be taken into account. The simplest model is therefore a two-configuration model {2p 4 3p + 2p 5 } for these J-subspaces. MCDHF calculations are performed by using the active space approach inspired from the non relativistic SD-MCHF correlation models. Denoting the n th root of the J-block by E(n J ) and referring to (8) and (9), the EOL strategy is applied to optimize separately three orbitals sets, using the following energy functionals
) + 6E (2 5 2 ) + 4E( 3 3 2 ) + 2E( 3 1 2 )]/20,
) + 4E( 4 3 2 )]/10, describing respectively the fine structure levels J of the three terms 2p
The number of CSFs in SD-MCDHF expansions increases drastically with the extension of the AS compared to SD-MCHF ones. To keep the size of the multiconfiguration expansions manageable the reduction strategy, that has been proven to be efficient in the non relativistic MR-CI calculations for the 4 D symmetry, is applied by using the jjreduce code [61] . Moreover, the orbital active sets are restricted to l max = 2 from n = 8, as indicated by the curly bracket notation used in Table II . Another difference with the SD-MCHF strategy is that the calculations are carried out layer by layer, i.e. optimizing only the correlation orbitals of the added layer together with the mixing coefficients. The Breit interaction (11) is taken into account in the subsequent RCI computations. The configuration space is built by allowing SD excitations from the same multireference {2s 2 2p 4 3p, 2s 2 2p 2 3p3d 2 , 2s2p 4 3p3d} as the one used in the non relativistic calculations. To keep the configuration interaction problem tractable, we adopt two different active spaces: {10s9p8d3f } for the major component 2s 2 2p 4 3p and [5d] for the two others. Moreover, for 2s 2 2p 2 3p3d 2 , the excitations are restricted to the ones in which the 1s shell remains closed.
V. RESULTS AND DISCUSSION
The convergence of the hyperfine structure constants with the progressive extension of the orbital active sets within a given correlation model is satisfactory, as illustrated by Tables I and II for the non relativistic SD-MCHF and relativistic SD-MCDHF results, respectively. The excellent agreement between the BP and the RCI-P results is rather comforting. Both sets arise from the same radial one-electron orbitals optimized through the non relativistic MCHF approach but relativity is included not only through different approaches but also using independent computational tools (ATSP2K [60] and GRASP2K [47] codes). The Breit-Pauli Hamiltonian is indeed a low-order approximation of the Dirac-Coulomb Hamiltonian and the expectation values of its operators are evaluated using non relativistic LSJbasis functions while the RCI-P method diagonalizes the Dirac-Coulomb-Breit Hamiltonian in a jjJ-CSF basis built on approximated Dirac spinors. Moreover the evaluation of the expectation values of the magnetic dipole electronic tensors (15) and (27) is done within radically different frameworks. The effect of enlarging the reference set that can be estimated by comparing the MR-CI and SD-MCHF values for a given active set ([10f ] is coherent with the MR-BP and BP differences found in the Breit-Pauli approximation. This means that enlarging the multi-reference space mostly captures electron correlation. A detailed cross-comparison of the most elaborate calculations reported in Tables I and II shows that enlarging the reference space improves the agreement between the Breit-Pauli and fully relativistic values.
We present in Table III the magnetic dipole hyperfine constants corresponding to the largest AS for each theoretical model and compare them with experimental values when available. As already observed above, the two sets of non relativistic MR-MCHF and MR-CI values are consistent with each other, but the comparison with the SD-MCHF values indicates the significant effect of higher-order excitations. In the mono-reference model, the comparison between the SD-MCHF and BP values reveals the importance of the relativistic corrections for some levels. This is a priori unexpected for a light system such as neutral fluorine. Amongst the nine levels considered, the hyperfine constants The fully relativistic results (MCDHF) confirm the large relativity effects found in the Breit-Pauli approximation. The comparison between the MCDHF and BP/RCI-P values, all based on mono-reference correlation models, is by itself interesting, illustrating the rather good coherence (within 2 %) of the hyperfine constant values. The agreement between the Breit-Pauli and fully relativistic values is maintained when enlarging the reference space. The agreement between MR-BP and MR-RCI is indeed better than 1.8%. Going from MCDHF to MR-RCI, one takes into account, not only the higher-order excitations beyond the monoreference model (including the interplay between electron correlation and relativity), but also the Breit interaction (11) . The corresponding variation systematically improves the theory-observation agreement in the four A J -values for which experimental data are available [3, 13] . The remaining discrepancies between experiment and theory arise most likely from higher-order electron correlation. Unfortunately, experimental values are limited to four levels amongst the nine considered. Taking these values as the truth, the uncertainty of the (MR-BP/MR-RCI) average values is estimated to be better than 3%. With this respect, the 5% difference between theory and observation for 2 D o 3/2 is somewhat surprising, as suggested by the following detailed analysis.
To get some insight in the origin of the strong level-dependence of relativistic effects, we report in Table IV the SD-MCHF and BP values of the three different hyperfine contributions A i (i = orb, sd, c). The ratios of the SD-MCHF values, for a given contribution i, are strictly conditioned by the factors (24), (26) and (25) . These are explicitly reported in Table V Table IV, In the Table IV , we report the relative differences between the SD-MCHF and BP values
for the three different hyperfine contributions, using A tot (SD-MCHF) as the reference value. The analysis of these relative contributions sheds some light on the J-level-dependence of relativistic effects for a given LS term. The 31% found for the relativistic effect on A 5/2 of 2p 4 ( 3 P )3p 4 P o 5/2 is due to the cumulative effects of +14.5% and +16.7% relativistic contributions to the orbital and spin-dipole contributions, while the very small impact of relativity (−2.4%) found on A 1/2 of 2p
is explained by the strong cancellation of the (still large in absolute value) −15.4% and +12.9% relativistic contributions to the orbital and spin-dipole contributions.
VI. CONCLUSION
Relativistic effects on the hyperfine structures of heavy elements are well known. Woodgate showed that a calculation of the breakdown of L−S coupling and of second-order corrections, off-diagonal in J, is necessary for an interpretation of the spectrum of samarium [62] . It has been shown independently by Sandars and Beck [63] that hyperfine structure calculations can often be made more conveniently by using effective operators between non relativistic LS basis states. This approach has been used for instance by Childs [64] for studying relativistic effects in the hyperfine structure of the tin isotopes. A critical analysis of the methods used to interpret the hyperfine structure in complex free atoms and ions can be found in [65] . The investigation of relativity on hyperfine parameters in light systems is less common. In the present work, robust correlation models are built in the non relativistic approach, to investigate hyperfine structure parameters in fluorine. The reliability of these models is assessed by comparing single-and double-, monoand multi-reference MCHF and CI calculations that all agree with each other within, at most, 3.5%. For some levels -2p
is a nice example -, all non relativistic correlation models perfectly agree with each other but differ quite substantially (≃ 17%) from observation. It is well known that relativistic effects on the electronic atomic structures are growing with the nuclear charge [21, 22] but are expected to be smaller than electron correlation for neutral and light atomic systems. In neutral fluorine, yet a very light element (Z = 9), we show that relativistic corrections to the non relativistic hyperfine parameters can be large for some low-lying levels, reaching around 30% for the A-values of 2p 4 ( 3 P )3p 4 P o 3/2 and 4 P o 5/2 . While non-relativistic approaches are often successful in computing hyperfine constants with good accuracy, even in heavier systems [38] , we see here that it is necessary to systematically estimate relativistic corrections. In this context, BPCI and RCI-P methods stand as valuable tools since they are computationally cheap compared to fully relativistic calculations.
Core-orbital contraction and charge density rearrangement due to relativity can be very important [57] and are a priori poorly described in the MCHF-BP approximation [42] . For fluorine however, the hyperfine structure parameters estimated with the MCHF-BP method are nicely coherent with the results obtained from the fully relativistic MCDHF method, suggesting that the orbital contraction effects are minor in comparison to the LS term relativistic mixing. When both methods produce similar results, the first approach (MCHF-BP) offers some advantages compared with the second one (MCDHF). The analysis of the relative orbital, spin-dipole and contact contributions, that is difficult in the MCDHF framework [66, 67] and that becomes impossible when using the simple form of the magnetic dipole operator (27) , sheds indeed some light in the origin of the large J-dependency of relativistic effects, as we explicitly illustrate in the present work.
Refining our preliminary non relativistic results by introducing relativity through the Breit-Pauli Hamiltonian, we find large unexpected variations in the hyperfine structure constants that evidently bring the theoretical estimations closer to the experimental values of Tate and Aturaliye [3] . While it has been clearly demonstrated that the theoryobservation disagreement was due to a wrong interpretation of the Doppler-free saturated absorption spectroscopy signals in nitrogen [3] , a good agreement is found with the fluorine experimental values obtained with the same technique if the relativistic corrections are included. This observation excludes any misinterpretation of the crossover signals in fluorine. We identify in the present work the origin of the relativistic effects on the hyperfine constants for specific levels and expect them to be even larger for levels that are not yet considered experimentally. We are strongly encouraging experimental studies of the hyperfine structures in fluorine to confirm our theoretical estimation on the crucial role of relativity, in particular for the 4 P o 3/2,5/2 levels. (L, S, J) ), spin-dipole (F sd (L, S, J)) and contact (F c (L, S, J)) contributions to the hyperfine constant AJ (see equations (24) , (25) and (26)). LS eigenvector compositions are given in %. 
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